This work reports on the influence of polarization and morphology of electroactive poly(vinylidene fluoride), PVDF, on the biological response of myoblast cells. Non-poled, ''poled +'' and "poled-" -PVDF were prepared in the form of films. Further, random and aligned electrospun -PVDF fiber mats were also prepared. It is demonstrated that negatively charged surfaces improve cell adhesion and proliferation and that the directional growth of the myoblast cells can be achieved by the cell culture on oriented fibers. Therefore, 10 the potential application of electroative materials for muscle regeneration is demonstrated.
Introduction

15
The human skeletal muscle is composed of aligned cells and an extracellular matrix (ECM) 1 . When either irreversible damage or proliferative potential loss occurs, only 1 to 5% of quiescent myogenic progenitors are capable to regenerate [2] [3] . To overcome these skeletal muscle regeneration hindrances, developing 20 artificial muscle has become an ongoing scientific challenge 4 . Those efforts are mainly based on the use of smart materials that change shape, size (shrinking or swelling up) or generate motion after an external stimulus like pH, temperature, electrical potential or light is applied 5 . The first efforts to develop artificial 25 muscles date back to 1950 6 with pH sensitive muscles 7 . Since then, several materials, such as elastomers, electroactive polymers, metal composites, polymer gels, carbon nanotubes, have been tested in order to develop artificial muscles [8] [9] . Despite those efforts, some drawbacks are found such as inability of 30 precise response control 10 , low efficiency in energy conversion 7 as well as biocompatibility issues. Regarding muscular tissue regeneration, tissue engineering can thus play a key role 11 avoiding tissue rejection and biocompatibility issues when implemented into the human body [12] [13] . Tissue engineered skeletal 35 muscles have large potential in applications related to muscular dysfunctions, such as muscular dystrophy 14 and cardiac infarct 15 . In this field, the principles of cell biology, material science and biomedical engineering are being applied towards the creation of biological substitutes that will restore and maintain standard 40 function in diseased and injured tissues/organs 16 . Tissue engineering requires three main elements to create a functional substitute for organs: cells, culture modes and scaffolds 12 . Tissue engineered skeletal muscle should have two main structural features: high cell density that may lead to cell fusion, resulting in 45 multinucleated myotube formation; and highly unidirectional orientation that promotes large muscular forces 17 . Cells in natural tissue are surrounded by a complex chemical, mechanical and electrical microenvironment, the ECM [18] [19] . In order to create bioengineered skeletal muscle, these native conditions should 50 recreate the structure and function of the biological muscular tissue. However, when cultured in vitro, these cells lose their natural organization and appear randomly distributed, unlike the natural muscle structure 14 . Cells and materials interplay is an issue of large concern in tissue 55 engineering, as the physicochemical properties of scaffold materials affect cell behaviour [20] [21] . In the last decades with the objective to regulate cellular responses, strong research efforts have been devoted to the tailoring of physicochemical properties of materials, including their chemical composition, wettability 60 and topography in order to induce appropriate cell responses [22] [23] . Smart materials can provide a unique approach to mimic natural cell environment, allowing for electric or mechanic cues similar to the ones present in human body 24 .
Many tissues (such as bone, nervous and also muscle) react to 65 electrical and/or mechanical stimulation [25] [26] . Thus, the use of electroactive polymers shows innovative potential for tissue engineering applications as it offers functional resemblance to biological muscles 26 . Piezoelectric polymers have shown suitability for tissue engineering due to their ability to vary 70 surface charge when a mechanical load is applied 27 , without need of direct connection to an external voltage source and wires. Poly(vinylidene fluoride), PVDF, is the polymer with the best piezo, pyro and ferroelectric properties and is a semi-crystalline and biocompatible polymer with four known crystalline forms: β, 75 α, γ and δ [28] [29] [30] [31] and appropriate mechanical, thermal and chemical properties for biomedical applications 32 . The β-phase has the strongest piezoelectric response 33 found among polymers. Additionally, PVDF can be produced in the form of fibers 34 , films 35 or porous structures 36 with tailor made microstructure. It 80 has been proven that the surface charge of PVDF affects cell viability and proliferation of osteoblasts, being higher in poled than in non-poled samples 37 . Finally, micropatterned polydimethylsiloxane (PDMS) films revealed the importance of topographical characteristics of materials in cell adhesion and proliferation, as myoblasts in microgroove surfaces elicited aligned myotubes, in the microgroove direction, whereas 25 myotubes in nonpatterned surfaces did not present any kind of alignment 14 . Based on the above considerations, the main objective of the present work is to elucidate how the myoblast cell line responds to their microenvironment when seeded on PVDF samples in 30 different poling state and morphology in order to assess the optimal environmental conditions required to the muscle regeneration. Mouse skeletal myoblasts C2C12 were used due to their extensive application in biological and muscle regeneration investigations 11 . The main issues to be clarified are the effect of 35 the surface charge on cell adhesion and proliferation and to verify the effect of sample morphology on the attachment, spreading and myoblast morphology. In order to study the effect of surface charge, three kinds of -PVDF films were used: non-poled -cell culture on non charged surface; "poled +" -cell culture on the 40 positively charged side of the sample; and "poled -" -cell culture on the negatively charged side of the sample -; and for the study the effect of fiber orientation on the myoblast morphology, two types of electrospun PVDF fibers, randomly oriented and aligned, were used. 45 
Experimental Preparation of the PVDF samples
The PVDF solution was obtained by the addition of PVDF (Solef 1010 from Solvay) with N,N-dimethyl formamide (DMF) 50 (20 wt.% PVDF) and used for the PVDF films and fiber mats preparation. PVDF films with a thickness around 110 µm were prepared as described in 37 . Briefly, films were obtained by spreading the solution on a glass slide that was then kept inside an oven at controlled temperature of 120 ºC for 60 min, to ensure 55 solvent removal by evaporation and the isothermal crystallization of PVDF. Later, the sample was melted in an oven at 220 ºC for 10 min and then cooled at room temperature. The obtained polymer is predominantly α-PVDF, and the transformation into the -phase was achieved by conventional stretching procedure 60 
29
. Electrical poling of -PVDF was achieved by corona discharge inside a home-made chamber. The piezoelectric response (d33) of the poled films was obtained with a wide range d33-meter (model 8000, APC Int Ltd). The piezoelectric d33 coefficient value for the poled samples was ~ -32 pC.N - 1 29 .
65
PVDF fibers with fiber diameter around 200 nm ± 96 nm were prepared as described in 34 . Briefly, a polymer solution prepared in the same conditions as films was placed in a plastic syringe (10 mL) fitted with a steel needle of tip-diameter of 500 μm. Electrospinning was performed with a high voltage power supply 70 from Glassman at 25 kV (model PS/FC30P04) and at a flow rate of 0.5 mL.h -1 . The electrospun fibers were collected in an aluminium foil and in a rotating drum placed at 15 cm from the needle, in order to obtain random and aligned fibers, respectively 44 .
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Membrane sterilization
For the in vitro assays, circular PVDF samples (non-poled -PVDF and poled -PVDF: "poled +" (cell culture on the positively charged side of the sample) and "poled -" (cell culture on the negatively charged side of the sample) films, and 80 randomly oriented and aligned fibers) were cut with 13 mm of diameter. The samples were sterilized by multiple immersions into 70 % ethanol for 30 min each and washed 5 times in a phosphate buffer saline (PBS) solution for 5 min to remove any residual solvent. Subsequently, the samples were exposed to 85 ultraviolet (UV) light for 2 h (1 h each side for fibers). Then, the samples were placed in a 24-well cell culture plates.
Contact angle
Water contact angles (CA) of the PVDF samples were measured 90 by the static sessile drop method using a Data Physics OCA20 instrument with ultrapure water. The contact angles were measured by depositing water droplets (3 µL) onto the sample surface and determined using the SCA20 software. Each sample was measured at six different locations and the mean contact 95 angle and standard deviation were calculated. 
MTS assay
Mitochondrial dehydrogenase function as a measure of cell viability was assayed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-15 diphenyl tetrazolium bromide (MTS, CellTiter 96-Aqueous one solution reagent, Promega) colorimetric method. In this assay, the MTS is bioreduced into a brown formazan product by NADPH or NADP produced by mitochondrial enzymes, which are active in living cells 45 . So, an increase in the color or absorbance value 20 means an increase of viable cells, which in turn means that cell proliferation has occurred. The experimental procedure was carried out as follows: the medium culture of the samples was removed after each incubation time and the samples were washed with PBS. 25 Thereafter, DMEM without phenol red and FBS were added to MTS solution in a 1:5 ratio mixture and incubated at 37 ºC in a 5 % CO2 incubator. After 3 h of incubation, 100 µL of each well was transferred in triplicate to a 96-well plate and the optical density was measured at 490 nm.
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SEM sample preparation
Cell morphology was observed using a scanning electron microscopy (SEM, Quanta 650 FEG). After each incubation time, the medium of each well was removed and the samples were 35 washed with PBS. Later, the cells were fixed with 4% formaldehyde (Sigma) in PBS for 1 h at room temperature. Thereafter, the samples were again washed with PBS and dehydrated using an ethanol gradient (30, 50, 60, 70, 80, 90 and 100 % ethanol in water). Afterwards, the samples were placed in 40 vacuum at room temperature for 4 h. The dried samples were then gold sputtered in vacuum and examined by SEM.
Statistical Analysis
All the quantitative results are presented as mean ± standard 45 deviation (SD) of triplicate samples. Statistical differences were determined by ANOVA using F-test for the evaluation of different groups. P values < 0.05 were considered to be statistically significant. 
Results
Contact angle measurements
The measurement of water CA on the different PVDF samples is presented in . Regarding PVDF fibers, it is to notice that the CA increases significantly when compared to the PVDF film and that, additionally, the CA of oriented PVDF fibers is significantly higher than randomly oriented PVDF fibers, with a contact angle of 135.1º ± 3.0º. These effects are due entirely to the variation in 65 surface energy due to topological effects 46 . 
Cell viability and proliferation
The cell viability of C2C12 myoblasts on different membranes was analyzed up to 72 h by LIVE/DEAD assay. Figure 1 shows representative LIVE/DEAD images where it is possible to realize that the myoblast culture on the PVDF membranes results in high 75 viability in all the samples, as more than 80 % of cells were viable. Analyzing the samples of PVDF fibers, it is verified that cells cultured on aligned PVDF fibers possess longer and thinner morphologies and that are strongly aligned along the direction of the fibers within the matrix, when compared to the cells cultured 85 on the PVDF randomly oriented fibers or in the PVDF films, that present a cell random orientation and a non-elongated cell morphology. PVDF films and TPCS are observed, however lower absorbance values are obtained for PVDF fibers. After 2 days, "poled -" β-PVDF presents a slightly higher cell proliferation than the other PVDF films, this difference becoming more evident after 3 days of cell culture. Therefore, C2C12 myoblasts seem to prefer poled 5 piezoelectric films and, in particular, the negatively charged ones. Further, PVDF fibers show lowest cell adhesion and proliferation than PVDF films.
Cell morphology 10 The cell morphology of the myoblasts seeded on different PVDF samples and TPCS was analyzed by SEM and representative SEM micrographs are presented in figure 3 . Fig.3 Cell morphology of C2C12 myoblasts seeded on different PVDF samples after 1 day a) control sample (TPCS), b) non-poled β-PVDF, c) "poled +" β-PVDF, d) "poled -" β-PVDF, e) oriented β-PVDF fiber and f) randomly oriented β-PVDF fiber obtained by SEM. The scale bar is 300 µm for all PVDF films and TPCS, 50 µm for oriented PVDF fibers and 100 µm for randomly oriented PVDF fibers.
The results show an increase of cell number along the incubation 20 time for all the samples and also a higher cell number in "poled -" -PVDF film, which is consistent with the LIVE/DEAD and MTS results. No significant differences were observed on the morphology structure of adherent cells on the different PVDF films and TPCS 25 after 1 day seeding. The myoblasts seem to maintain the same irregular morphology, spread and random arrangement.
Regarding PVDF fibers, only after 1 day it was possible to observe the elongated morphology along the direction of the 30 fibrous oriented PVDF membrane (previously verified by LIVE/DEAD assay). On randomly-oriented PVDF fibers, also a random orientation of the cells was obtained.
Discussion
35
The main objective of this work was to study the effect of the poling state and morphology, film versus fiber and fiber orientation, on cell attachment, morphology and proliferation of C2C12 myoblasts. Surface charge has been recently described as an important 40 parameter on the cell attachment and proliferation 47 . Previous investigations have demonstrated the influence of the polarization of electroactive PVDF on biological cell response. MC3T3-E1 osteoblasts exhibited higher adhesion and proliferation in the presence of poled -PVDF films 25 and showed an increase in cell 45 proliferation under dynamic conditions 37 . The effect of piezoelectric scaffolds on the neurite extension of primary neurons have been investigated and the potential use of a piezoelectric fibrous scaffold for neural repair applications has been also demonstrated 48 . Some studies of the influence of 50 surface charge on bone, nervous and cartilage regeneration have been already verified. However, up to date, few studies have combined this effect with the skeletal muscle behavior. In particular, different surface charges of a layer-by-layer polyelectrolyte on C2C12 skeletal muscle cells for skeletal 55 muscle regeneration capabilities was studied and it has been shown that negatively charged surfaces supported higher cell attachment than positively charged ones 49 .
Regarding the MTS results (figure 2), it was possible verify the ability of all PVDF samples to support muscle cell proliferation. 60 Additionally, it was observed that cell proliferation on "poled -"
-PVDF over 72 h was higher than for the other PVDF samples, suggesting that the cell growth was improved due to the presence of negative surface charge. These results indicate that the negatively surface of PVDF samples is a relevant parameter to be 65 considered in the scaffold design for skeletal muscle regeneration, than can be also explored under mechanical dynamic conditions in order to further induce cell proliferation and differentiation into functional muscle cells. These results were in agreement with the ones obtained by Salloum et al. 50 70 reporting the effect of surface charge of polyelectrolyte films on smooth muscle cell adhesion and proliferation. It was also verified also that the negatively charged surfaces improved cell adhesion more efficiently than the positively charged surfaces. Despite this effect is far from being understand, it is interesting to 75 stress this seemingly general result for muscle cells. Beyond the surface charge, the surface topography has a deep influence on cell adhesion and proliferation 51 . The wettability of a polymer surface is then a result of both its surface chemistry and its topography 52 and it has been demonstrated that has a 80 strong influence on cell adhesion and proliferation. Cell morphology is another important characteristic in tissue engineering scaffold design as it allows the control of cell arrangement and the translational effects that cell morphology have on other cell functions 53 . Cell morphology can be 85 influenced by the surface substrate and can adopt different morphologies on fibrous membranes compared to film membranes 54 . In the case of skeletal muscle tissue engineering, the cell alignment plays a key role once this tissue in vivo consists in a highly organized structure composed by bundles of highly 90 oriented muscles fibers 55 . The morphology of the C2C12 myoblasts was observed in SEM (figure 3) and LIVE/DEAD images (figure 1). The cell morphology in PVDF films show no significant differences, independently of the poling state, indicative that surface charge have any relevant effect on cell 95 morphology. A trend to cell elongation is observed on all substrate along the proliferation time. On the other hand, oriented fiber membranes (figure 1c and 3e) guide cell alignment and induce more elongated cell morphology along the fibers, effect that is not observed in the randomly oriented fibers. Previous 100 reports have been accounted for different cell types such as nerve cells, endothelial 56 and skeleton muscle cells 41 that also show oriented growth on all kinds of aligned surface.
Conclusions
This work reports on the influence of polarization and morphology of electroactive poly(vinylidene fluoride), PVDF, on the biological response of myoblast cells. It is demonstrated that negatively charged surface improve cell adhesion and 5 proliferation and that the directional growth of the myoblast cells can be achieved the cell culture on oriented fibers. So, the combination of negatively surface charge on oriented PVDF fibers offers a large potential application in tissue engineering for muscle regeneration. 
